Introduction
Thioamides exhibit versatile coordination properties and have been used as ligands in a variety of transition metal complexes. In complexes, thioamides can act as N-, S-, or N,S-donating groups in a terminal or a bridging mode and are capable of generating mononuclear, polynuclear or polymeric complexes [1] . α, β -Unsaturated thioamides (thioacrylamides) carry an additional functional group for potential coordination to transition metals in addition to nitrogen and sulphur. Although a number of complexes have been prepared and structurally characterized the reactivity of coordinated thioacrylamides has only been explored to a minor degree [2] . Non-coordinated thioacrylamides were found to be excellent Michael acceptors. They readily add nucleophiles like organolithium and -magnesium compounds, enolates of ketones, esters and amides or amines across the C=C bond. The scope of the reactivity could be extended to considerably less reactive nucleophiles like sodium malonates by coordination of thioacrylamides to palladium [3] . Via coordination to a tricarbonyliron fragment acrylthioamides could be induced to form carbocyclization products in good yields in the reaction with alkynes and carbon monoxide [4] .
0932-0776 / 07 / 0300-0346 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Scheme 1. Thioamide complexes containing an α, β carboncarbon triple bond are unknown until now. In this account we report on the synthesis of the first thioamide complexes derived from propynoic acid, on the coordination mode of these unsaturated thioamide ligands and on the results of some preliminary studies on the reactivity towards simple nucleophiles as well as towards diethylaminopropyne as an example for electron-rich alkynes.
Results and Discussion
The complex [(CO) 5 Cr(THF)] reacts readily with propynethioic acid amides by displacement of the weakly coordinating THF ligand to form the propynethioic acid amide complexes 1a and 1b (Scheme 1). At ambient temperature the reaction is complete within minutes affording, after chromatography, 1a and 1b in 96 % and 93 % yield, respectively. By the same method pentacarbonyl thiourea and thiocarbonato complexes of chromium, molybdenum, and tungsten have previously been synthesized [5] .
The new complexes 1a and 1b are stable in an inert gas atmosphere and are soluble in common organic solvents. These complexes were fully characterized by spectroscopic means and elemental analysis. The IR spectra of 1a and 1b show the typical pattern of a pseudo-octahedral [(CO) 5 M-L] complex. Several isomers for 1a, b are conceivable (A -E, Scheme 2) due to the multifunctionality of the propynethioic acid amide ligand.
The coordination mode of thioketones and thioaldehydes to transition metals strongly depends on the substitution pattern and the co-ligand sphere. In pentacarbonyl transition metal complexes thioketones and thioaldehydes usually coordinate via one of the two lone electron pairs at the sulphur atom (η 1 coordination modes A and B) [6] . An equilibrium between η 1 and η 2 isomers in solution (corresponding to isomers A/B and D) was observed for some thiobenzaldehyde complexes of tungsten [7] and of ruthenium [8] . The isomers were found to rapidly interconvert. Exclusively the η 2 coordination mode, comparable to D, was found in thioaldehyde complexes of titanium, zirconium, tantalum, iron, rhenium, rhodium, osmium, and some cyclopentadienyl molybdenum complexes [6] . Some thioketone ligands in vanadium, cobalt, rhodium, palladium, and platinum complexes also exhibit η 2 coordination [6] . The rapid interconversion of two η 1 thioaldehyde isomers (corresponding to an interconversion of A and B) was also observed [9] .
In addition to η 1 (S) and η 2 (C=S) coordination, bonding via the lone electron pair at the nitrogen atom (C) and via the CC triple bond (E) is likewise conceivable.
The position of the ν(CO) absorptions at rather low energy indicates that the thioamide ligand is a strong donor. In the 1 H and the 13 C NMR spectra, complexes 1a and 1b show two sets of methyl resonances, however, only one set of signals for the remaining hydrogen and carbon atoms. Therefore, the coordination modes C -E can be excluded. In C both methyl groups are equivalent and should give rise to only one methyl resonance. In the η 2 bonding modes D and E the thioamide ligand is expected to exhibit pronounced π-acceptor properties and the ν(CO) absorptions should appear at considerably higher energy. The observation of only one set of 13 C resonances for the C 3 fragment indicates the presence of only structures A or B, or of a rapidly interconverting equilibrium of A and B in solution. In the solid state (see below) 1a adopts conformation A (E isomer with respect to the C=S bond). Very likely, the same isomer is present in solution. An η 1 coordination mode comparable to A has also been reported for related thioacrylamide complexes [2a, 2b, 10]. The assumption is in accord with the results of DFT calculations on 1a. Isomer B was calculated to be 29 kJ/mol higher in energy than isomer A. Isomer E is higher in energy than B only by about 5 kJ/mol (34 kJ/mol with respect to A) whereas the "amine" isomer C is considerably higher in energy (by 99 kJ/mol) ( Fig. 1 ). For isomer D no local minimum on the energy surface could be located.
The inequivalence of the methyl resonances in the NMR spectra indicates hindered rotation around the C-NMe bond and some double-bond character of this bond. From the temperature-dependence of the 1 H NMR spectra in C 6 D 5 CD 3 the energy barrier to rotation around the C-NMe bond in 1b is calculated to be ∆ G # = 79.6 kJ/mol (coalescence at 92 • C; compound 1a rapidly decomposed under similar conditions). This emphasizes that the zwitterionic resonance form G (Scheme 3) significantly contributes to the stabilization of the complexes [11] .
The structure of complex 1a was additionally confirmed by an X-ray structural analysis (Fig. 2 , Table 1). As deduced from the spectroscopic data the thioamide ligand is η 1 -bound to the chromium atom and is staggered with respect to the cis-CO ligands
bond length (2.417(2)Å) agrees well with that in known thioamide chromium complexes [(CO) 5 Cr- cant shortening of the Cr-CO trans bond (1.830(5)Å) when compared to the cis-Cr-CO bonds (average: 1.888Å) emphasizes the pronounced trans influence of the thioamide ligand deduced from the IR spectra.
In the crystal the molecules of 1a are arranged in two double-stacks without significant intermolecular inter- actions between the stacks: a head-to-tail double-stack along the crystallographic c axis (Fig. 3) and a tail-totail double-stack along the b axis (Fig. 4) .
Complex 1a is readily deprotonated by methyllithium to form the metalate Li[(CO) 5 Cr-S=C(NMe 2 ) C≡C)] (2) identified by its IR spectrum. The reaction is highly selective. Neither products derived from addition of the carbanion to the triple bond of the thioamide nor a thiolate complex formed by addition of [CH 3 ] − to the sp 2 carbon atom of the S=C fragment could be detected. Compound 2 is also formed by desilylation of 1b with methyllithium. On filtration over silica, 2 is reprotonated by the protons at the silica surface and 1a is formed in almost quantitative yield (Scheme 4).
Complex 1a is inert towards methanol. In contrast, diethylamine rapidly adds to the triple bond to give the corresponding thioacrylamide 3 in 98 % yield (Scheme 4). From the shift of the trans-ν(CO) absorption to longer wavelengths by about 17 cm −1 it follows that the aminothioacrylamide ligand in 3 is a considerably better donor than the propynethioic acid amide ligand in 1a. The formation of only one isomer (with respect to the C=C bond) could be detected. From the coupling constant of 3 J = 12.1 Hz for the olefinic hydrogen atoms a cis arrangement can be deduced. Similarly to 1a, two signals are found for the N-methyl groups in the NMR spectra of 3. The inequivalence of the two N-Et groups shows that the C β -bound NEt 2 substituent likewise acts as a π donor and contributes to the resonance stabilization of the compound. This is in accordance with the shift of the ν(CO) absoptions in the IR spectra towards lower energy. In general the spectroscopic data agree well with those of known thioacrylamide complexes [10, 14] .
Addition of thiourea to solutions of 1a led to displacement of the propynethioic acid amide ligand and to the formation of the thiourea complex 4 (95 %) and free thioamide (Scheme 4).
The reaction of 1a with diethylaminopropyne provided an unusual result. Chromium-and tungstencoordinated thioaldehydes and thioketones react with diethylaminopropyne by regioselective [2+2]-cycloaddition of the C≡C bond to the S=C bond and subsequent stereoselective electrocylic ring opening to give thioacrylamide complexes [15] . When diethylaminopropyne (DEAP) was added to a solution of 1a in CH 2 Cl 2 the starting complex 1a was completely consumed already after the addition of half an equivalent of DEAP. After subsequent chromatography of the reaction mixture the dinuclear complex 5 was isolated as the only product in 85 % yield (Scheme 5).
In the IR spectrum, complex 5 shows only one set of pentacarbonyl ν(CO) absorptions. However, the Scheme 5. 13 C NMR spectrum exhibits two sets of resonances for cis and trans carbonyl carbon atoms thus indicating the existence of two different pentacarbonylmetal moieties. In addition, two signals are found at rather low field assigned to two inequivalent thiocarbonyl carbon atoms. From the observation of two sets of resonances for the substituents at both amino groups (Me/Me and Et/Et) attached to the thiocarbonyl functionalities again a high barrier to rotation around the (S)C-N bonds can be deduced. Unfortunately, the rotational barrier could not be determined due to the rather low thermal stability of 5.
The solid state structure of 5 was also established by an X-ray structural analysis (Fig. 5, Table 1 ). Each of the two thioamide groups is η 1 -bound to a chromium atom. The Cr (1) Several mechanisms for the formation of compound 5 are conceivable. The most likely ones are depicted in Schemes 6 and 7. The reaction of 1a with diethylaminopropyne could be initiated by a nucleophilic addition of the β carbon atom of the ynamine to the thiocarbonyl carbon atom of 1a analogously to the reactions of electron-rich alkynes like Et 2 N-C≡C-Me (a) with thioaldehyde complexes to give thioacrylamide complexes or (b) with carbonyl compounds like esters or amides to give acrylamides [16] . Such an initial step could be followed by cyclization and regioselective electrocyclic ring opening (H → I, Scheme 6). Nucleophilic addition of a second molecule of 1a to the triple bond of I gives J. Subsequent 3,1-H and 1,3-NMe 2 shifts, which presumably contribute to the stabilization of the π system, finally afford compound 5 (Scheme 6).
An alternative mechanism involves initial 1,4-cycloaddition of the CC triple bond of the ynamine to the S=C-C≡C unit to give K. The 1,4-cycloaddition of various olefins such as vinyl ethers, styrenes, norbornene, acrolein, and ethyl propiolate to rutheniumcoordinated thiocinnamalaldehydes has recently been reported [17] . Nucleophilic addition of another molecule of 1a and electrocyclic ring opening likewise yield, via L, compound 5 (Scheme 7).
The latter mechanism seems more likely, however, neither one of the presumed intermediates of the reaction could be isolated or spectroscopically detected. It is worth mentioning that a similar coupling with a second different alkyne, like for instance 1-hexyne or phenylacetylene, could not be observed, even when the second alkyne was used as the solvent.
Mono-decomplexation could be achieved by treating solutions of 5 with a 5-fold excess of acetonitrile. Stirring the solutions for several hours at ambient temperature afforded a mononuclear thioamide complex and acetonitrile pentacarbonyl chromium, [(CO) 5 Cr-Scheme 7. 3 ] . Only one isomer of the thioamide complex was detected and was isolated after chromatographic workup as a red oil in 68 % yield. Based on the shift of the 13 C NMR resonances of the S=C-NMe 2 carbon atoms on decomplexation, the thioamide complex was assigned the structure 6 (Scheme 8). Full decomplexation could not be accomplished, neither by extending the reaction time considerably nor by using acetonitrile in large excess. Substituting pyridine for acetonitrile only led to decomposition of 6. The pentacarbonyl chromium moiety could be recovered in the form of the pyridine complex [(CO) 5 Cr-NC 5 H 5 ] (92 % yield). The bridging bis(thioamide) ligand was obviously unstable under the reaction conditions employed and gave only unidentified decomposition products. However, when compound 6 was treated with [NBu 4 ]Br, decomplexation without decomposition could be achieved and the bisthioamide 7 (Scheme 8) could be isolated in 87 % yield.
N≡C-CH
In summary, complexes derived from propynoic acid thioamide are readily accessible from [(CO) 5 
Experimental Section
All operations were performed in an inert gas atmosphere using standard Schlenk techniques. Solvents were dried by distillation from CaH 2 (CH 2 Cl 2 ), LiAlH 4 (pentane) or sodium (THF). The silica gel used for chromatography (Baker, silica for flash chromatography) was argon-saturated and otherwise used as supplied. The yields refer to analytically pure substances and are not optimized. Instrumenta-Scheme 8.
tion: 1 H NMR and 13 C NMR spectra were recorded with a Jeol JNX 400 and a Varian Inova 400 spectrometer at ambient temperature. Chemical shifts are relative to the residual solvent or tetramethyl silane peaks. IR: Biorad FTS 60. MS: Finnigan MAT 312. Elemental analysis: Heraeus CHN-ORapid. The following compounds were prepared according to literature procedures: N,N-dimethyl propyne thioic acid amide [18] , N,N-dimethyl-3-trimethylsilyl propyne thioic acid amide [18] , N,N-diethylaminoprop-1-yne [19] . All other chemicals were used as purchased from commercial suppliers.
[(CO) 5 5 [(CO) 5 
Cr-S=C(NMe 2 )-C≡C-H] (1a) and [(CO)

Cr-S=C(NMe 2 )-C(H)=C(H)NEt 2 ] (3)
At r. t. 0.11 mL (1.1 mmol) of diethylamine was added to a solution of 0.305 g (1 mmol) of 1a in 5 mL of THF. The colour of the solution instantaneously changed from deepred to orange. After 5 min at this temperature the solvent was removed in vacuo. The residue was chromatographed on silica gel at −20 • C using mixtures of pentane/CH 2 Cl 2
